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Neurotransmitter-containing synaptic vesicle (SV) fusion with the nerve terminal plasma membrane initiates neurotransmis-
sion in response to neuronal excitation. Under mild stimulation, the fused vesicular membrane is retrieved via kiss-and-run 
and/or clathrin-mediated endocytosis, which is sufficient to maintain recycling of SVs. When neurons are challenged with very 
high stimulation, the number of fused SVs can be extremely high, resulting in significant plasma membrane addition. Under 
such conditions, a higher capacity retrieval pathway, bulk endocytosis, is activated to redress this large membrane imbalance. 
Despite first being described more than 40 years ago, the molecular mechanisms underpinning this important process have yet 
to be clearly defined. In this review, we highlight the current evidence for bulk endocytosis and its prevalence in various neu-
ronal models, as well as discuss the underlying molecular components. 
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Neurons transmit information by the release of neurotrans-
mitters from a limited pool of synaptic vesicles (SVs) dur-
ing stimulation-induced exocytosis. During periods of in-
tense stimulation, the rate of vesicle release can reach more 
than 100 Hz, leading to depletion of SVs. It is therefore 
essential that nerve terminals have retrieval mechanism(s) to 
maintain the supply of SVs and sustain neurotransmission. 
However, which mechanisms are active at synapses to me-
diate SV membrane retrieval is currently unclear. Studies in 
various synapse models have demonstrated the involvement 
of three basic modes of endocytosis: clathrin-mediated en-
docytosis (CME) [1], kiss-and-run [2,3] and activity-  de-
pendent bulk endocytosis (ABDE) [48].  
CME is the best characterized of the three SV retrieval 
pathways, due to extensive parallel molecular studies in 
non-neuronal cells. This pathway retrieves single SVs de 
novo from the plasma membrane using a set of molecules 
including the scaffolding protein clathrin, together with 
adaptor and accessory proteins [911]. The kiss-and-run 
mode of endocytosis stipulates that SVs do not fully col-
lapse into the plasma membrane and are directly retrieved 
after the release of neurotransmitter. This pathway involv-
ing a transient fusion pore is seemingly compatible with the 
fast dynamics of a synapse and would also afford energy 
efficiency due to the transient nature of SV fusion. However, 
the existence of kiss-and-run in typically small nerve ter-
minals is difficult to assess, with only a few studies pub-
lished using various fluorescence methods [1215] or a 
combination of amperometric and capacitance measure-
ments in neurosecretory cells. One recent study using fluo-
rescent quantal dots to demonstrate differential uptake and 
release provides promising evidence to support the exist-
ence and contribution of kiss-and-run [16]. The third mode 
of SV retrieval, ADBE, involves the formation of large 
membrane invaginations or cisternae that undergo fission 
from the plasma membrane to form internal ‘bulk’ endo-
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somes. SVs can then bud from these bulk endosomes to 
replenish the vesicle pools. Under conditions of intense ac-
tivity, both CME and kiss-and-run are active at central syn-
apses, however, their limited membrane retrieval capacities 
mean that they are unable to deal with the faster vesicle 
depletion and large increase in nerve terminal membrane 
area. ADBE has the capacity to fulfil this requirement for 
high-capacity membrane retrieval. In this review, we dis-
cuss the current evidence for ADBE at different types of 
neuronal synapses, the techniques used for its detection, and 
highlight some of the molecular mechanisms driving its 
function. 
1  ADBE at neuronal synapses 
The first description of ADBE was in a study by Heuser and 
Reese at the amphibian neuromuscular junction in which 
they observed the appearance of numerous large intratermi-
nal membrane compartments that they termed ‘cisternae’ 
[1], in response to 10 Hz electrical stimulation for 10 min. 
As a result of stimulation, the nerve terminals in these prep-
arations contained significantly less synaptic vesicles com-
pared to resting preparations and were morphologically 
dominated by the presence of the large membrane cisternae. 
Interestingly, when preparations were rested after 15 min 
stimulation, the cisternae disappeared and SVs reappeared, 
suggesting the SVs could have derived from the cisternae 
[1]. Since this initial seminal study, a considerable number 
of studies have demonstrated that ADBE also occurs in rat 
hippocampal [6,17] and cerebellar granule [18] neurons, 
lamprey reticulospinal synapses [5], mouse calyx of Held 
[19] and auditory inner hair cells [20], snake [21] and Cae-
norhabditis elegans motor terminals [22], and goldfish bi-
polar neurons [8].  
As the name suggests, ADBE occurs in response to ele-
vated synaptic activity [8,18,23]. A number of studies have 
used either pharmacological stimuli at the neuromuscular 
junction [24] or potassium depolarization in central synap-
ses [2528] to elicit bulk endocytosis. The use of these 
non-physiological stimulation methods initially casted 
doubts on whether bulk endocytosis could be induced under 
physiological conditions. Subsequent studies, however, 
showed that bulk endocytosis could be induced in various 
neuronal preparations including amphibian neuromuscular 
junction [4], retinal bipolar neurons [8], the calyx of Held 
[19] and primary cultured neurons [18] using electrical 
stimulation paradigms within the physiological range en-
countered in vivo (Figure 1). These demonstrations of 
ADBE activation by stimulation paradigms mimicking 
physiological conditions suggest that ADBE is an important 
SV retrieval pathway during periods of intense synaptic 
activity. Interestingly, other studies have also shown that 
ADBE can be triggered using prolonged tetanic simulation 
[23,31].  
2  Detection of ADBE by membrane capaci-
tance measurement  
ADBE has been classically observed using electron micro-
scopic analysis of photoconverted styryl dyes, revealing 
preferential staining of cisternae by FM1-43 in comparison 
to FM2-10. This suggests that these structures trap FM1-43 
and that the vesicles that slowly bud from them selectively 
fill the reserve vesicle pool [4,5,32]. Likewise, optical im-
aging of FM dye in retinal bipolar nerve terminals has 
demonstrated that membrane can be endocytosed into SVs 
or large cisternae structures [29]. While optical techniques 
can provide exquisitely high spatial resolution, particularly 
in the case of electron microscopy, little kinetic information 
can be obtained. Membrane capacitance measurement, as an 
assay of membrane surface area, has proved to be a power-
ful method to monitor SV fusion and retrieval with a high 
signal and temporal (millisecond time scale) resolution [33]. 
This approach can further estimate the fusion/fission pore 
kinetics by monitoring the pore conductance [34]. Capaci-
tance measurements were initially used to monitor vesicle 
exocytosis and endocytosis in secretory cells and have since 
been applied to nerve terminals with good success [35,36]. 
Recently, Wu and Wu were the first to demonstrate the in-
stant of bulk membrane scission from the plasma membrane 
in a central synaptic nerve terminal using membrane capac-
itance measurements [19]. Using calyx of Held synapses in 
the central nervous system, brief downward capacitance 
shifts in the range of 20500 fF were observed from the 
capacitance traces after strong stimulation (Figure 1D). This 
correlates to a membrane retrieval that is approximately 
2000-fold larger than the capacitance of a single vesicle and 
consistent with a magnitude that one would expect for 
ADBE. Moreover, the study found that ADBE occurs with-
in 10 s after stimulation, much faster than the time scale of 
minutes as estimated by electron microscopy [4] and optical 
imaging [29]. These findings demonstrate the existence of 
ADBE events that are not detectable by electron microscopy 
or optical imaging due to their low temporal resolution. 
Importantly, these findings provide evidence that ADBE is 
a fast mechanism for the clearance of vesicular components 
from release sites and maintenance of synaptic transmission 
during sustained strong stimulation [19]. 
3  The molecular machinery of ADBE 
Although ADBE was first described more than 40 years ago, 
little is known about the molecular components and mecha-
nisms underpinning this process. Thus far, only a handful of 
molecules have been identified as playing roles in various 
steps of this membrane retrieval pathway (Figure 2). As 
ADBE is activated in response to intense synaptic activity 
or stimulation, the molecular sensor(s) that responds to this 
increased activity is expected to be a critical component, 
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Figure 1  Bulk endocytosis is activated in response to elevated neuronal activity in a variety of neuronal synapses. A, The first description of ADBE in the 
frog neuromuscular junction elicited by 10 Hz stimulation for 15 min. Note the numerous large membrane cisternae (C) and coated vesicles (arrow). Schwan 
cell processes are also present (s). Magnification, 30000× [1]. B, ADBE in frog neuromuscular junction probed using photoconversion of the styryl dye 
FM1-43 and electron microscopy. 30 Hz stimulation for 1 min resulted in the appearance of FM dye in c-shaped bulk cisternae [4]. C(ad), Bulk endosomes 
in goldfish retinal bipolar neurons labelled with high molecular weight fluorescent dextran. C(b) is a single confocal section through the middle of the termi-
nal, C(c) is a projection of a z-stack through the entire terminal and C(d) is a projection through the same terminal from the side. Figure reproduced from 
Holt et al. [29] with permission of The Society for Neuroscience. D, Detection of ADBE using membrane capacitance measurements in mouse Calyx of Held 
synapses. Fission of bulk endosomes is represented as a large downward capacitance shift (grey arrow and inset) that occurred during compensatory mem-
brane retrieval in response to stimulus of 500 action potential equivalent (AP-e) at 100 Hz [19]. E, Electron micrographs showing bulk endosomes labelled 
with HRP (black arrow) in response to 400 action potentials (at 40 Hz) stimulation in nerve terminals of cultured rat cerebellar granule neurons. Figure re-
produced from Clayton et al. [18] with permission of The Society for Neuroscience. F, Bulk endosomes revealed as large donut-shaped structures by fluo-
rescence imaging of FM1-43 dye (a) and ultrastructural analysis following photoconversion of FM1-43 (b). Note the large number of vesicles containing 
photoconverted material in close proximity to the delimiting membrane of the bulk cisternae (inset) [30].  
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Figure 2  Schematic representation of the interactions between key molecules driving various stages of ADBE. (1) High intensity stimulation results in Ca2+ 
influx into the nerve terminal and activating ADBE sensor molecule, calcineurin. (2) Activated calcineurin dephosphorylates dynamin which then binds 
syndapin (3) to induce membrane curvature and tabulation to form bulk membrane invagination, a step that may also involve actin. (4) Dynamin mediates 
the scission of nascent bulk endosomes from the plasma membrane. (5) After scission of bulk endosome, dynamin is rephosphorylated by cyclin dependent 
kinase 5 (CDK5) and glycogen synthase kinase 3 (GSK3). 
with calcineurin emerging as a candidate to fulfil this role. 
Calcineurin is a calcium-dependent protein phosphatase that 
dephosphorylates at least eight nerve terminally located 
substrates, termed the desphophins, all of which are essen-
tial for SV endocytosis [37,38]. Two important factors sup-
port calcineurin being the sensor molecule for ADBE. 
Firstly, calcineurin is localized to the cytoplasm and has a 
low micromolar affinity for calcium [39], meaning that it is 
not sensitive to the level of calcium influx associated with 
mild activity and would only encounter sufficient levels of 
calcium during intense activity. Second, it has been demon-
strated that dephosphorylation of one of its key substrates, 
the large GTPase dynamin I, only occurs at the same stimu-
lation threshold that activates ADBE [40]. Thus, the 
dephosphorylation function of calcineurin is linked to the 
activity dependency of ADBE. Indeed, pharmacological 
disruption of calcineurin function results in inhibition of 
bulk endocytosis in cultured neurons [28]. 
Dynamin is a large GTPase protein responsible for the 
fission of endocytic vesicles from the plasma membrane 
[41]. Although the role of dynamin in CME is well estab-
lished, its involvement in bulk endocytosis is less well un-
derstood. Evidence implicating dynamin in bulk endocyto-
sis was first obtained in a study by Keonig and Ikeda in 
nerve terminals of the temperature-sensitive Drosophila 
shibire mutant [42,43]. Shibire flies harbour a tempera-
ture-sensitive mutation in the dynamin protein that inacti-
vates the protein at the restrictive temperature (>29°C) [43]. 
Keonig and Ikeda’s study demonstrated that vesicle recy-
cling after synaptic depletion at the restrictive temperature 
occurs via two pathways, a fast active zone-associated 
pathway and a slower non-active zone-associated pathway 
that involves endosomal intermediates. Importantly, tubular 
invaginations remained connected to the plasma membrane 
in shibire mutants at the restrictive temperature, indicating 
that dynamin is required for scission of the large endosomal 
compartments. While dynamin GTPase activity is required 
for all forms of SV endocytosis, the dephosphorylation of 
dynamin is of particular importance in ADBE. As men-
tioned above, dynamin I is only dephosphorylated by cal-
cineurin during neuronal activity that triggers ADBE [40]. 
Furthermore, inhibition of the protein kinases responsible 
for the rephosphorylation of dynamin I after stimulation, 
cyclin-dependent kinase 5 [28] and glycogen synthase ki-
nase 3 [44], specifically blocks ADBE but not CME. An-
other important consequence of dynamin dephosphorylation 
is its interaction with the synaptic protein, syndapin I 
[45,46]. Syndapin, a F-BAR domain-containing protein that 
is capable of sensing membrane curvature and inducing 
tabulation [47], may play an active role in driving mem-
brane curvature upon initiation of ADBE. The essential na-
ture of dynamin in ADBE is further demonstrated by the 
fact that application of the potent inhibitors of dynamin, 
dynasore [48] and Dyngo4aTM [49], results in the complete 
block of ADBE both in primary cultured neurons [40] and 
at the neuromuscular junction [30]. 
Although the actin cytoskeleton has long been implicated 
in various steps of the endocytic pathway (reviewed in [50]), 
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its role in ADBE is not well understood. The actin cytoskel-
eton is important in the process of macropinocytosis, the 
uptake of extracellular fluid in non-neuronal cells [51]. In 
neuronal cells, actin dynamics are essential for ADBE in 
both the amphibian neuromuscular junction [30,31] and 
goldfish retinal bipolar neurons [29]. The involvement of 
syndapin I in ADBE provides another line of evidence im-
plicating actin in this process. The SH3 domain of syndapin 
can not only bind dynamin I, but also the neuronal Wis-
kott-Aldrich syndrome protein (N-WASP) [52], a protein 
that recruits the arp2/3 complex to nucleate actin polymeri-
zation [53]. Thus, it has been suggested that dephosphoryla-
tion-dependent dynamin I recruitment of syndapin I could 
also recruit N-WASP, and subsequently arp2/3, to promote 
actin polymerization at sites of ADBE [54].  
Recently, Nguyen et al. demonstrated that both dynamin 
and actin are differentially required for the development and 
maturation of ADBE at the amphibian neuromuscular junc-
tion [30]. This maturation process was characterized by a 
transient bulging of the plasma membrane prior to for-
mation of bulk endosomes. The degree of bulging increased 
with stimulation frequency and the plasmalemma surface 
retrieved following the transient bulging correlated with the 
surface membrane internalized in bulk cisternae and recy-
cling vesicles. These findings support a tantalising hypothe-
sis that the maturation process may contribute to a mecha-
nism by which nerve terminals couple exocytosis and bulk 
endocytosis, by sensing how much presynaptic membrane to 
retrieve in response to sustained stimulation. However, so far 
only a correlation between the degree of plasma membrane 
bulging and the frequency of stimulation has been demon-
strated and more work is needed to dissect the full mecha-
nisms underpinning this process.  
4  Concluding remarks 
The molecular mechanisms driving ADBE are still not 
clearly defined. However, a large body of work during the 
last decade has shed light on some key aspects of this im-
portant SV retrieval pathway. The defining characteristics 
of bulk endocytosis, high capacity for membrane retrieval 
and activation in response to synaptic activity, establish this 
endocytic pathway as an important physiological process in 
neuronal synapses. Firstly, ADBE provides a mechanism by 
which nerve terminals can sustain neurotransmission under 
conditions of high stimulation that can overwhelm the recy-
cling capacity of the CME and/or kiss-and-run vesicle-  
recycling pathways. Second, it is anticipated that ADBE 
should be an important component of processes that occur 
in response to elevated neuronal activity, such as long-term 
potentiation and synaptic plasticity. Furthermore, ADBE 
could also play a critical role in neuronal pathologies such 
as epilepsy, which is characterized by bursts of intense 
neuronal firing. This is of particular interest as a recent 
study by Smillie and colleagues showed that ADBE can be 
blocked by BDNF [55], a neurotrophic factor that has been 
shown to be released during epileptic seizures [56]. Thus 
potential therapies designed to target ADBE are expected to 
dampen the increased brain activity associated with epilepsy. 
Such possibilities provide exciting challenges for future 
research into ADBE, and in particular, the molecular 
mechanisms that drive this process. 
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